Here we describe the crystal structure of modi®ed [d(CGCGAATTCGCG)] 2 re®ned to 2.04 A Ê . The modi®cation, which affects only the two thymines at the central ApT step, involves isosteric removal of the 2-keto oxygen atoms and substitution of the N1 nitrogen with carbon. The crystal structure reveals the ability of this modi®ed thymine to effectively base pair with adenine in [d(CGCGAAtTCGCG)] 2 . The structure also suggests that the minor groovè spine of hydration' is destabilized but essentially intact.
INTRODUCTION
The stability and conformation of duplex DNA depend on interactions with surrounding water molecules (1) and cations (2) . Conversely, af®nity and mobility of water molecules (3) and cations (4, 5) for DNA depends on surface functional groups of the DNA. The type, proximity and orientation of DNA functional groups vary with the sequence. Therefore, the interactions of water molecules and cations depend on the DNA sequence and conformation (6, 7) . In the work described here, we have determined some hydration effects resulting from chemical alteration of DNA minor groove functional groups.
The minor groove of A-tract DNA provides a unique chemical environment. The polarity and electronegative potential are high. The¯oor and walls of the groove are lined with hydrogen bond acceptors but are devoid of hydrogen bond donors. A stabilizing two-tier`spine of hydration' was postulated from medium and low resolution X-ray diffraction data (8) . High resolution data reveals a more organized and extensive hydration pattern (9) . An interdependent ensemble of water molecules, four tiers deep by one molecule thick, extends along the minor groove, forming à fused hexagon motif'. These water molecules are rotationally and translationally restrained by the imbalance of hydrogen bond donors and the shape of the minor groove. The rotationally and translationally restrained water molecules are polarized, with aligned dipoles. Narrowing of the minor groove induces water polarization, increasing rotational and translation restraints.
It has recently become clear from molecular dynamics (MD) simulations that the geometry and hydration of the A-tract minor groove correlate with the contents of the groove (10±13). These correlations hold if one averages over time or monitors real-time thermal¯uctuations. The groove is narrow, with a highly ordered and polarized monolayer of water molecules when cations are contained within the groove. These cations might be localized near the`¯oor' of the groove, or near the`lip', closer to phosphate groups. When the groove is especially narrow, cations in the lip region are stabilized by close proximity of phosphate groups and by interactions with polarized water molecules. When the groove is wide, with less-ordered water molecules and more remote phosphate groups, interactions with cations are less favorable.
In the study presented here, we use X-ray diffraction to examine a DNA dodecamer duplex [d(CGCGAAtTCGCG)] 2 (AAtT) containing two modi®ed A-T base pairs. Functional groups normally present in the A-tract minor groove, the O2 keto oxygens of two T residues, have been removed without altering base pairing properties (Fig. 1 ). In the modi®ed thymine, called t, a functional group that is thought to be a primary determinant of minor groove hydration has been removed. The signi®cance of this keto oxygen and its impact on minor groove hydration is described. The importance of this functionality in helix stability and conformation has been examined previously (14, 15) . We have done a careful comparison of this modi®ed structure with the high resolution structure of [d(CGCGAATTCGCG)] 2 (AATT) (9, 16) .
MATERIALS AND METHODS

Crystallization, data collection and reduction, and re®nement
The modi®ed dodecamer, dCGCGAAtTCGCG, was synthesized as described previously (14) . The ammonium salt of reversed-phase HPLC-puri®ed dodecamer was used for crystallization. Crystals were grown at 22°C from sitting drops containing 1.9 mM d(CGCGAAtTCGCG), 31 mM sodium cacodylate (pH 6.5), 19 mM MgCl 2 , 6.9% 2-methyl-2,4-pentanediol (MPD) and 4.9 mM spermine tetrahydrochloride. The droplets were equilibrated by vapor diffusion against a reservoir of 40% MPD. Orthorhombic (P2 1 transfer into a ±110°C N 2 stream. X-ray intensity data were collected at low temperature (±110°C) with a Siemens SMART CCD detector and monochromated Mo Ka radiation (l = 0.7107 A Ê ). Data were reduced using the program SAINT. Excluding solvent molecules, coordinates of a previous high resolution structure of [d(CGCGAATTCGCG)] 2 (NDB entry bdl084) were used as the starting model (16) . The model was annealed and re®ned using CNS (version 1.0) (17) . The initial rounds of re®nement retained the native model (with unmodi®ed DNA). Negative difference peaks centered on the O2 atoms of the central thymine residues (Fig. 2 ) of the native DNA con®rmed the presence of the modi®ed residue in the DNA. After the modi®cation was con®rmed, the parameter ®le dna-rna-multi-endo.param was modi®ed to include the modi®ed thymine of d(CGCGAAtTCGCG) and the re®ne-ment was completed by extending the model to include water molecules and ions. CNS was used to calculate Fourier maps. The model was re®ned against all data between 10 and 2.04 A Ê resolution (4393 unique re¯ections) ( Table 1 ). The ®nal model contains 76 water molecules and one hydrated magnesium ion. The geometry of the ®nal model was characterized with the program CURVES. Figure 2 shows the electron density map of one of the modi®ed thymine±adenine base pairs. In the t(7)-A(18) base pair, the hydrogen bond distances are 3.02 A Ê (N3±N1) and 3.14 A Ê (O4±N6). The other modi®ed base pair, t(19)-A6, has slightly longer hydrogen bond distances of 3.13 A Ê (N3±N1) and 3.37 A Ê (O4±N6). These modi®ed base pairs can be compared with the two corresponding A-T base pairs in the native dodecamer (16) . The native T(7)-A(18) pair has hydrogen bond distances of 2.81 A Ê (N3±N1) and 3.08 A Ê (O4±N6), while the T(19)-A(6) hydrogen bonds are 2.82 A Ê (N3±N1) and 3.19 A Ê (O4±N6). The hydrogen bonding distances are slightly longer in the modi®ed base pair than in the native A-T base pairs but are within reasonable hydrogen bonding limits. Therefore, the crystal structure illustrates the ability of t to form a standard Watson±Crick base pair in the dodecamer
RESULTS
Modi®ed thymine (t) forms Watson±Crick base pairs with adenine
The modi®ed base t alters but does not disrupt ®rst shell hydration in the minor groove High resolution data collected from crystals of native [d(CGCGAATTCGCG)] 2 reveal what appears to be a cooperative hydration structure within the A-tract minor groove. The native motif, observed at high resolution (9) , is a four water molecule deep (tiers denoted by P, S, T and Q) by one water molecule thick`fused hexagon' of hydration sites. The four sites in the primary tier of the monolayer, in contact with the¯oor of the groove, are denoted P1, P2, P3 and P4. These P sites interact with hydrogen bond acceptors including the N3 atoms of adenines and O2 atoms of thymines, which line thē oor, as well as the O4¢ atoms of deoxyriboses, which line the walls of the groove. To distinguish the native and modi®ed dodecamers, hydration sites in the modi®ed dodecamer are denoted here by P¢, S¢, T¢ and Q¢. The resolution of the data collected for the modi®ed dodecamer is suf®cient to allow analysis of the ®rst two hydration tiers (P¢, S¢) but not the third or fourth tiers (T¢, Q¢). Similarly the data are not suf®cient to observe or infer the sites of monovalent cations.
The P¢1 site (of the modi®ed dodecamer) is nearly superimposible on the P1 site (of the native dodecamer). P¢1 and P1 both form hydrogen bonds with the O2 of C9 (P¢1, 3.1 A Ê ; P1, 2.7 A Ê ) and N3 of A(17) (P¢1, 2.7 A Ê ; P1, 2.9 A Ê ). Similarly, the P2 and P¢2 sites are nearly superimposible. 
Nucleic Acids Research, 2003, Vol. 31, No. 5 1537 P¢2 and P2 both form hydrogen bonds with the O2 of T8 (P¢2, 2.9 A Ê ; P2, 2.9 A Ê ) and N3 of A(17) (P¢2, 3.0 A Ê ; P2, 3.0 A Ê ). In the native structure, the position of the P3 site is highly restrained, by coordination by two O2 atoms (T7 and T19), in addition to two O4¢ atoms (T8 and T20) and two solvent molecules in the S tier of the hydration monolayer. These interactions combine to restrict the P3 site to the position almost directly in the center of the ApT step, between the planes of the base pairs. The two O2 atoms that coordinate the P3 site in the native dodecamer are absent from the modi®ed dodecamer, shifting the position of the P¢3 site signi®cantly. The P¢3 site has dropped toward the¯oor of the groove, or rather the¯oor has dropped from beneath it, allowing formation of a CH-O hydrogen bond (3.2 A Ê from C to O) with the exposed C2 atom of t7. The P¢3 site has also shifted along the groove. The only hydrogen bond conserved by the P3 and P¢3 sites is with the O4¢ of T (8) . The P¢3 site is 0.3 A Ê closer than the P3 site to this O4¢ (3.0 A Ê ; 3.3 A Ê ). Similarly, P¢3 has shifted~0.3 A Ê toward P¢2 and away from P¢4. In contrast to the P sites, the P¢ sites are unevenly spaced. The distance from P¢2 to P¢3 is 4.4 A Ê , while the distance from P¢3 to P¢4 is 5.5 A Ê .
The modi®ed base t partially disrupts second shell hydration in the minor groove
In the native dodecamer each S site bridges two P sites. This hydration pattern is also observed, in part, in the modi®ed dodecamer. Sites S¢1, S¢2, S¢3 and S¢5 correspond closely to sites S1, S2, S3 and S5, respectively. However, no electron density is evident at the S¢4 site (Fig. 3A) , which would span P¢3 and P¢4. Either the S¢4 site is not occupied, or the potential well at that site is suf®ciently broad that the position is not ®xed within the ensemble of sites that constitute the crystal. In either interpretation, it appears that alteration of the P¢ layer, resulting in increased spacing between P¢3 and P¢4, in comparison with P3 and P4, is transmitted to the next hydration tier, partially disrupting the ordered hydration motif.
The program CURVES (18) 
DISCUSSION
McLaughlin and coworkers previously assayed the role of minor groove functional groups on DNA conformation (15) and stability (14) in solution. They synthesized base analogs designed to retain Watson±Crick interactions with opposing bases while lacking minor groove functional groups. From the results of those solution studies they concluded that removal of 2-keto oxygen atoms from T within an A-tract decreases duplex stability and shifts the A/B equilibrium away from B-DNA toward A-DNA. Their results suggest that the effect is cooperative, and that removal of two keto groups from an A-tract sequence embedded in a dodecamer has a moderate effect, while removal of four keto groups has a much more dramatic effect on stability (14) .
Here we use X-ray crystallography of a DNA dodecamer to con®rm the Watson±Crick interaction of a T-analog that lacks the keto oxygen at the 2-position. Two keto oxygens have been removed from a 4 bp A-tract in the center of the dodecamer. The DNA conformation is not signi®cantly altered by the modi®cation. Minor groove hydration is largely intact in comparison with the control dodecamer. The positions of eight of nine water molecules in the ®rst two hydration layers are conserved (Fig. 3) . However, the structure clearly suggests that the hydration scheme is destabilized. The geometric regularity of the hydration scheme is compromised. One hydration site appears vacant, probably because the locations of adjacent water molecules are shifted. An ApT step (the P3 site in the native structure) can contain monovalent cations (4,9,16,19±22) . We believe cation occupancy would be less probable in the modi®ed structure, which lacks coordinating carbonyl oxygens at the P3 site. However, the quality of the data here are not high enough to differentiate monovalent cations from water.
Solution studies of the modi®ed versus the native dodecamer indicate that, based upon CD spectra (data not shown), both the native and the modi®ed dodecamer exhibit transitions consistent with a B-form conformation. In comparison, an earlier study indicated that the introduction of two modi®ed A-T base pairs, where both the N3-nitrogen of the A, and the O2-carbonyls of the T had been removed, resulted in a sequence that was not clearly A-form or B-form in character. Replacement of the entire (AATT) 2 core with similarly modi®ed derivatives resulted in a spectra indicative of a largely A-like helical conformation. Solution studies of the doubly modi®ed dodecamer (AAtt) 2 also suggest a shift away from B-form conformation. The double modi®cation, in which both thymine residues of d(CGCGAATTCGCG) have been substituted with the modi®ed base t, lowers the duplex T m suf®ciently so that the DNA exists predominantly as the monomolecular hairpin. Attempts to crystallize the doubly modi®ed dodecamer have not been successful, possibly because the spine of hydration and minor groove environment are severely altered.
The results described here explain previous solution results, which indicate that removing two keto groups in A-tracts is destabilizing but does not alter conformation. Similarly, these modi®cations destabilize, but do not disrupt, hydration. It has been suggested from X-ray structures that solvent sites within an A-tract minor groove are interdependent and that hydration is cooperative (9) . Each occupied solvent site stabilizes those around it and each layer stabilizes the others. That interpretation is supported here. The solvent sites in the center of the A-tract are maintained by surrounding solvent sites, even though stabilizing interactions with the DNA are absent.
Water and associated monovalent metal ions located in the minor groove of A-tract sequences appear to be critical to drive duplex DNA to adopt the B-form conformation. Without the minor groove functional groups of the A and T residues in the duplex, the equilibrium is shifted from the B to the A conformation.
